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Hypothetical Representation of the Function of GNOM Zhao, X., Lasell, T.K., and Melanc¸on, P. (2002). Mol. Biol. Cell 13,
GNOM is peripherally associated with the cytosolic face of endo- 119–133.
somes, where it mediates exchange of GTP for GDP on ARF.
ARF•GTP in turn recruits to the membrane a putative coat protein
that effects concentration of PIN1 at sites of transport vesicle forma-
tion. Vesicles carrying PIN1 are then specifically targeted to the
basal domain of the plasma membrane. The cell surface PIN1 is
subsequently internalized and recycled to endosomes. Ubiquitinating a Phosphorylated
Cdk Inhibitor on the Bladescifically mediates the sorting of PIN1 from endosomes
to the basal plasma membrane. of the Cdc4 -Propeller
The function of GNOM in PIN1 sorting is likely medi-
ated by activation of one or more of the six Arabidopsis
ARFs (see Figure). The activated ARFs, perhaps in a
complex with GNOM, could subsequently recruit to en- Substrate binding by the SCFCdc4 ubiquitin ligase is
dosomes a protein coat involved in PIN1 sorting. By regulated by phosphorylation. In this issue of Cell,
analogy with mammalian cells, the Arabidopsis homo- Orlicky et al. describe the crystal structure of the Cdc4
logs of AP-1 and AP-4 are particularly interesting candi- subunit bound to a high-affinity substrate phospho-
dates to play such a role. In mammalian cells, AP-1 is peptide. This structure provides insights into the bind-
localized to both the TGN and endosomes, and an AP-1 ing interaction and how a precise mechanism involving
complex containing an epithelial-specific subunit, 1B, multiple regulatory phosphorylations may be mediated
mediates sorting to the basolateral plasma membrane by a single binding site.
domain of polarized epithelial cells (Fo¨lsch et al., 1999).
Mammalian AP-4 displays a similar subcellular distribu- Initiating DNA replication in fungi and animal cells re-
tion and has also been implicated in basolateral sorting quires the ubiquitin-dependent destruction of inhibitors
(Simmen et al., 2002). The association of both of these of cyclin-dependent kinases (Cdks), a highly regulated
complexes with the TGN and endosomes is dependent event triggered by phosphorylation of those inhibitors
on class I ARFs, and BFA inhibits basolateral sorting on specific sites. These phosphorylated sites or “phos-
(Apodaca et al., 1993), implying a role for a BFA-sensitive phodegrons” are then recognized by a member of a
ARF-GEF in this process. It remains to be determined class of ubiquitination enzymes called SCF ubiquitin
which of the mammalian ARF-GEFs is responsible for ligases through their specific substrate adaptor, known
basolateral sorting. In this regard, the methodology of as the F box protein (Feldman et al., 1997; Skowyra et
engineering and expressing BFA-resistant variants of al., 1997). Amazingly, in yeast, the Sic1 Cdk inhibitor is
sensitive ARF-GEFs utilized by Geldner and colleagues phosphorylated on at least nine sites before it is recog-
could prove useful to identify the mammalian ARF-GEFs nized by the Cdc4 F box adaptor protein. Why so many
involved in coat recruitment to endosomes and sorting phosphodegrons for one little adaptor?
in polarized cells. SCF ubiquitin ligases are organized around a con-
served catalytic core including an E2 ubiquitin conjugat-
Juan S. Bonifacino* and Catherine L. Jackson ing enzyme, a RING finger protein that binds and stimu-
Cell Biology and Metabolism Branch lates the E2, and a cullin, which is an extended protein
National Institute of Child Health and Human that serves as a scaffold for the catalytic core (Zheng
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National Institutes of Health to a linker protein called Skp1, and Skp1 binds a motif
Bethesda, Maryland, 20892 in Cdc4, called an F box. In Cdc4, the substrate binding
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of 40 amino acids, each forming four anti-parallel 
strands, to assemble the blades of a so-calledApodaca, G., Aroeti, B., Tang, K., and Mostov, K.E. (1993). J. Biol.
Chem. 268, 20380–20385. -propeller. -propellers serve in a variety of proteins
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as an adaptable surface for protein-protein interactions bladed propeller (see Orlicky et al., Figure 2B). The WD40
domain forms a frustum (a truncated cone) and the CPD(see references in Orlicky et al., 2003 [this issue of Cell]).
Alhough it was clear that phosphorylation of Sic1 was peptide sits along a special extended -propeller blade,
with its N terminus pointed toward the central hole andrequired for Cdc4 binding and ubiquitination (Feldman
et al., 1997; Skowyra et al., 1997), the mechanism requir- the C terminus pointing outward (see Orlicky et al., 2003,
Figure 2B). This surface exposes the phosphopeptideing the high valency was mysterious. To probe the mys-
tery, Nash and colleagues from the Tyers’ lab removed binding site (see below). An -helical linker region orga-
nizes the spacing between the F box and the WD40all the Cdk phosphorylation sites from Sic1 (Nash et
al., 2001). Restoring them one by one defined a sharp domain.
To further understand how substrate binding mightthreshold where five phosphorylations were not suffi-
cient for Cdc4-Sic1 binding and Sic1 ubiquitination, but lead to substrate presentation, the authors used an ex-
isting model of the SCF holoenzyme complex (Zheng etsix phosphorylations were. The model that emerged
from these studies suggested that the six phosphoryla- al., 2002) to assemble a model of the CPD peptide-
Cdc4-Skp1-Cullin-Ring finger-E2 complex (see Orlickytion sites each had a low affinity for Cdc4—confirmed
by affinity measurements—but when combined, these et al., 2003, Figure 3B). Although there are assumptions
here, the linkages are based on known structure andsix phosphorylations created a high-avidity binding in-
teraction. Once bound, the proximity of many phospho- provide a reasonable snapshot of one form of the SCF
holocomplex bound to substrate. In the previous modelpeptide sites creates a high local concentration and thus
low off rates. The importance of having multiple low- of the SCFSkp2 holoenzyme (Zheng et al., 2002), the sub-
strate binding region within Skp2 was approximatelyaffinity interactions was modeled using simple kinetic
theory (Deshaies and Ferrell, 2001; Nash et al., 2001) 59 A˚ from the active site cysteine on the E2 enzyme. In
the model of the Cdc4 holoenzyme, the CPD bindingand led to the idea that multiple low-affinity sites create
both a concentration threshold and a kinetic lag to allow pocket positions and potentially orients the substrate
toward the E2 enzyme. Here, the CPD substrate has athe triggering of Sic1 degradation to be more switch
like. A single high-affinity site showed no such lag. As a clear line of sight to the E2 enzyme, although intriguingly
the 59 A˚ separation remains. A small protein like Sic1genetic test of the importance of this timing mechanism,
Nash and colleagues replaced the endogenous Sic1 with would not span even half this distance, suggesting that
there is a poorly understood step between binding thean engineered version containing a single high-affinity
phosphodegron binding site (described below). They substrate and assembling an ubiquitin chain on the sub-
strate. It is possible that the protein is unfolded andfound that this mutant Sic1 caused mistiming of replica-
tion observed as a high rate of chromosome loss. Thus, extended to bridge the gap or that conformational
changes or oligomerization of the SCF complex positionit may be important to have a cluster of suboptimal
phosphodegrons to create the correct timing for Sic1 the substrate binding site nearer to the E2 enzyme (see
below).degradation. With only a few caveats, their model ap-
pears to capture a critical aspect of triggering the G1-S The CPD binding pocket is the most conserved se-
quence in Cdc4, and the electron density shows antransition.
So, “How does Cdc4 count to six?” (Deshaies and unambiguous position for the Leu-pThr-Pro-Pro se-
quence and interpretable density for the P-2 Leu andFerrell, 2001) . As the new crystal structure (Orlicky et
al., 2003) suggests, it may do so with only one binding Gln-Ser-Gly in P3–P5 on the top of the frustum. A
similar orientation for another peptide substrate sug-site! Rather than attempting to crystallize Cdc4 in a
complex with Sic1, the Sicheri and Tyers labs used a gests this is a preferred binding site. Amazingly, the
sequence selectivity for the CPD peptide can be ration-peptide modeled on a conserved phosphopeptide from
human cyclin E. Phosphorylated cyclin E binds Cdc4 alized by the structure of the binding pocket. The P0
phosphothreonine is recognized by three arginines, typi-well and this peptide, called the Cdc4-phosphodegron
(CPD), binds to Cdc4 on a single site with a respectable cal of phosphate binding pockets. The binding site for
the P1 proline is accommodated within a hydrophobic1 M affinity. Systematic binding studies based on this
CPD model defined a consensus for the optimum Cdc4 pocket and the P-1 and P-2 Leu residues have their
own hydrophobic pockets. Indeed, mutations in the CPDphosphodegron: L/I-L/I/P-pT-P-RK4 (where RK 4
indicates disfavoring positive residues in the next four binding pocket are observed in mutants of human Cdc4
found in tumors, which may be defective in cyclin Eresidues). Here, the central phosphothreonine/proline
are essential and the other sites quantitatively im- degradation and thus tumor promoting. A cluster of pos-
itive charges adjacent to the CPD binding site explainportant.
The structure from the Sicheri and Tyers labs includes why C-terminal basic residues are disfavored and why
Sic1 phosphodegrons, which have basic residues inthe yeast Skp1 protein, a large fragment of yeast Cdc4
including the F box and C-terminal WD40 repeat, and these positions, bind suboptimally.
To test the idea that the hexameric phosphorylationthe bound CPD phosphopeptide (see Orlicky et al., 2003,
Figure 2A). Comparison with the previous structure of threshold for Sic1 binding results from suboptimal phos-
phorecognition sites, the authors constructed severalhuman Skp1 bound to the F box protein Skp2 (Schulman
et al., 2000) demonstrates that the Skp1-F box interface mutations in the “adjacent cluster” of positively charged
Cdc4 residues predicted to reduce Sic1 binding. As pre-is largely hydrophobic and similarly organized in both
complexes. dicted, these mutants bound Sic1 more tightly, now
binding phosphoisoforms with as few as three to fourThe Cdc4 WD40 repeats do form a -propeller, but
unlike previous examples in which a seven-bladed phosphorylation sites! Mutations in the P-1 hydrophobic
pocket had a similar effect. Although these mutant Cdc4-propeller is created, Cdc4 forms a surprising eight-
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proteins bound hypophosphorylated isoforms, they Visualizing Genetic Influences
were not efficient at stimulating ubiquitination. Thus, on Human Brain Functionsphosphorylation may play additional roles following
substrate binding. Furthermore, binding of phosphory-
lated Sic1 may be more complex and additional posi-
tively charged residues distributed on the surface of Egan and colleagues (2003), in this issue of Cell, inte-
Cdc4 might serve as additional phosphoacceptors. The grate genetics and functional brain imaging by show-
situation might be even more complex in vivo because ing that variation in the human brain-derived neuro-
homologs of Cdc4 have been found to form oligomers trophic factor (BDNF) gene is associated with variation
(Kominami et al., 1998; Wolf et al., 1999). Nonetheless, by in episodic memory ability and in hippocampal neuro-
perturbing the CDP-Cdc4 interface, the authors strongly chemistry and function.
support the idea that the single CPD binding site is
critical for setting the hexameric phosphorylation Over the last decade, two of the most exciting frontiers
threshold for Sic1 binding. Thus, they illustrate the the- of human biology have been genetics and functional
ory that binding of a polyvalent ligand to a single recep- brain imaging. Genes that influence human behavior
tor site can create cooperative binding and an ultrasen- must logically do so through their effects in the brain at
sitive transition. the level of neuronal functioning. The bridges from gene
The CPD-Cdc4 structure will certainly allow more de- to brain to mind have, however, been studied by indirect
tailed tests of how Cdc4 counts phosphorylation sites inferences, such as twin studies that compare similari-
and may provide clues to the binding specificity of other ties in brain structures and mental abilities between un-
WD40 containing F box proteins, including the highly related people, dizygotic twins, and monozygotic twins
studied TrCP. Even so, the remaining questions of how (e.g., Thompson et al., 2001). These interesting studies,
substrates, once bound, are presented to the SCF ubi- however, are limited by much-debated assumptions
quitin ligase, the potential role of oligomerization, and about heritability estimates and by an absence of speci-
the mechanism of ubiquitin chain assembly will keep us fication of genetic and molecular mechanisms.
busy for more time to come! In a pioneering study that integrates genetics and
functional imaging of the human brain, Egan et al. (2003)
have linked genetic variation in humans to variation inPeter K. Jackson
both memory ability and hippocampal function. The hip-Programs in Chemical Biology and Cancer Biology
pocampus, located bilaterally in the medial temporaland Department of Pathology
lobes, is essential for the formation of long-term memoryStanford University School of Medicine
in animals (Squire, 1992) and humans (Gabrieli, 1998).300 Pasteur Drive
In humans, damage to the hippocampus and adjacentStanford, California 94305
structures results in global amnesia, the inability to form
Selected Reading new memories for events (episodic memory) and facts
(semantic memory) despite otherwise intact mental abil-
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Feldman, R.M., Correll, C.C., Kaplan, K.B., and Deshaies, R.J. (1997). plasticity have been investigated in detail, and long-
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term potentiation (LTP) has arisen as the predominant
Jackson, P.K., Eldridge, A.G., Freed, E., Furstenthal, L., Hsu, J.Y.,
model of hippocampal learning mechanisms. In vivo andKaiser, B.K., and Reimann, J.D. (2000). Trends Cell Biol. 10, 429–439.
in vitro animal studies have shown that the BDNF protein
Kominami, K., Ochotorena, I., and Toda, T. (1998). Genes Cells 3,
plays an important role in hippocampal LTP, and this721–735.
suggests that genetic variation associated with BDNFNash, P., Tang, X., Orlicky, S., Chen, Q., Gertler, F.B., Mendenhall,
may affect hippocampal LTP and, thus, memory function.M.D., Sicheri, F., Pawson, T., and Tyers, M. (2001). Nature 414,
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common, single nucleotide polymorphism that alters theOrlicky, S., Tang, X., Willems, A., Tyers, M., and Sicheri, F. (2003).
Cell 112, this issue, 243–256. amino acid sequence in the pro-region of the human
BDNF gene. Subjects were divided into three BDNF al-Schulman, B.A., Carrano, A.C., Jeffrey, P.D., Bowen, Z., Kinnucan,
E.R., Finnin, M.S., Elledge, S.J., Harper, J.W., Pagano, M., and Pav- leles varying by a valine (val) to methionine (met) substi-
letich, N.P. (2000). Nature 408, 381–386. tution. The met/met group demonstrated inferior perfor-
Skowyra, D., Craig, K.L., Tyers, M., Elledge, S.J., and Harper, J.W. mance on a test of episodic memory for short stories
(1997). Cell 91, 209–219. compared to the other two groups (val/val and val/met).
Wolf, D.A., McKeon, F., and Jackson, P.K. (1999). Curr. Biol. 9, Two in vivo imaging measures of the hippocampus were
373–376.
utilized to further compare differences between individ-
Zheng, N., Schulman, B.A., Song, L., Miller, J.J., Jeffrey, P.D., Wang, uals with the val/met and met/met alleles. One measure
P., Chu, C., Koepp, D.M., Elledge, S.J., Pagano, M., and Pavletich,
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aging (MRSI), which provides a measure of intracellular
neurochemical integrity. MRSI revealed that val/met het-
erozygotes had lower levels of hippocampal NAA, an
intracellular marker of neuronal function, than did val/
val homozygotes.
The second brain measure utilized functional mag-
netic resonance imaging (fMRI), which provides a mea-
